ABSTRACT In this paper, a downlink device-to-device (D2D)-assisted cellular networks with mobile edge caching, where most popular video files are independently cached in D2D users and cellular base station (BS), are studied. In the considered system model, each user may obtain the requested video from the cache of BS or/and D2D users surrounding them. According to the different collaborative schemes of BS caching and D2D caching, it can be divided into two different resource allocation schemes. In the hybrid caching transmission scheme, users could adopt the BS caching mode or alternatively the D2D caching mode. In the joint caching transmission scheme, each user may obtain the requested files from the BS server and the adjacent D2D users, simultaneously. By taking the required data rate and the interference constraint into account, we formulate two joint resource allocation problems integrating link selection, channel allocation, and power control to maximize the system energy efficiency (EE). Leveraging on the Dinkelbach method, the EE optimization problems are transformed into mixed-integer nonlinear programming problems and can be decomposed into three subproblems: link selection, channel allocation, and power control. To solve these complicated problems, we propose two optimization algorithms that consist of a modified branch and bound method as well as Lagrange dual decomposition approach. The simulation results demonstrate the superiority of these two proposed algorithms in improving system throughput and EE compared with other algorithms.
I. INTRODUCTION
With the proliferation of smart phones and emergence of various applications, mobile data has been explosively increasing in recent years. As one of the most popular services among mobile users, it is predicted that video service will account for more than 78% of the total mobile data traffic in 2021 [1] . Such tremendous growth in the video traffic bring a stringent challenge in next generation networks. In addition, video services set a higher request for low latency, which make the resource allocation extremely complex [2] . In order to cope with these ongoing increasing demands for high rate and low delay, it is of great significance to achieve the efficient transmission of a large amount of video and reduce latency under the limited resource conditions.
Mobile edge caching (MEC) has recently been deemed as one of key technologies for wireless content delivery networks to reduce peak-time traffic, latency and the requirement for expensive high capacity backhaul links [3] - [5] .
Its main idea is to provide cloud-caching capabilities at the network edge, either at the base stations (BSs) or/and user devices to bring the cached content much closer to mobile users. Mobile edge caching can be divided into BS caching and device-to-device (D2D) caching according to geographical location. With the widespread caching, users can get cached contents from adjacent edge servers instead of remote cloud servers [6] . Thus, high-volume and latencysensitive video contents can benefit the most from MEC [7] . Similarly, according to the mode of the content caching, MEC can be divided into coded caching [8] , [9] and uncoded caching. Coded caching is mainly applied to multicast and can reduce delivery rate. However, it has to be designed carefully in the content placement. Uncoded caching is a conventional caching approach. In this paper, we are concentrating on resource allocation during the caching delivery phase, using unicast transmissions, so only uncoded caching is considered.
The implemention of BS caching shortens the wireless transmission distance and leads to a lower delay, which improves the service quality of users dramatically compared with the traditional content delivery networks [10] . Deviceto-device (D2D) caching can not only unload the cache task on the edge devices, thereby saving a large amount of air interface bandwidth and energy consumption, but also make use of resource-rich user devices to meet the needs of realtime interaction and low latency transmission [11] .
The combination of BS caching and D2D caching will bring many clear advantages, such as reducing the traffic in backhaul and improving the energy efficiencies (EE) and network scalability [12] , [13] . Unfortunately, designing such integrated mechanism is challenging due to following aspects. First, using caching technology can improve the rate of video transmission, but it also brings the increase of power consumption due to the co-channel interference. It is necessary to consider the balance between the increase of date rate and power consumption. And with the different conditions of BS caching and D2D caching, it gets even more complex. Second, D2D caching can cause inevitable interference to BS caching as a result of spectrum reuse. The existence of mutual interference results in the decline of system performance, which makes the resource management problem much more complicated. Third, the jointly optimizing of link selection, channel allocation and power control is a multi-variable fractional programming, which is extremely difficult to be solved.
To address all aforementioned issues, in this paper, we consider a downlink D2D-caching-assisted cellular networks with BS caching and propose two different resource allocation schemes, i.e., hybrid caching transmission scheme and joint caching transmission scheme. In the considered system model, the MEC server is deployed closer to the cellular base station which provides a centralized large-capacity video caching and request users can also get video contents from each other. In the hybrid caching transmission scheme, users could adopt the BS caching mode or alternatively the D2D caching mode. In the joint caching transmission scheme, each user may obtain the requested files from the BS server and adjacent D2D users simultaneously. We formulate two resource allocation problems to maximize the system EE. However, the optimization problems are NP-hard and non-convex. We can obtain the mixed integer programming according to Dinkelbach method. Then, we intend to select the proper link with modified branch and bound method. After that, the optimization problems can be converted to convex problems by using variable relaxation and variable substitution. Through Lagrange algorithm, they can be decomposed into two-step maximization problems. Finally, we obtain the optimal solutions of channel allocation and power control. Simulation results indicate that the proposed resource allocation algorithms are capable of offering a better performance than other algorithms in system throughput and EE.
A. RELATED WORKS
In the future wireless communication system, mobile cellular network architecture is evolving from BS-centric system to content-centric network, and the center of gravity moves from the core network to the edge [14] . With the evolution of base stations and low cost storage units, it is possible to deploy caching on macro base stations and small base stations [15] . Recently, extensive researches have been devoted to the issues related to BS caching. Some papers study the allocation of network resources through game theory [16] - [19] . Pantisano et al. [18] propose a novel cache-aware user association and backhaul allocation algorithm which is a oneto-many matching game between small base stations and users. Hoiles et al. [19] consider the problem of distributed caching with limited capacity in a content distribution network and formulate the problem as a noncooperative repeated game using the estimated request probabilities. Besides, some papers also use convex optimization to study the resource allocation problem in caching network [20] - [23] . Liang and Yu [22] present a joint bandwidth provisioning and caching strategies, whose goal is to maximize the performance gains under the limitations of backhaul, spectrum, and cache. Tran and Le [23] analyze the joint resource allocation and content caching problem, which tries to minimize the maximum content request rejection rate of users in virtualized wireless networks. Some papers also use reinforcement learning algorithm to study the resource allocation problem in caching network. In [24] and [25] , a novel algorithm based on the machine learning is proposed to predict the users content request distribution and mobility patterns using users contexts. However, these articles only consider BS caching and does not take advantage of the caching resource on D2D users. Meanwhile, EE is a better option among multiple optimization goals because it takes account of both the high speed rate of BS caching and the low power consumption of D2D caching.
Wireless caching using D2D communications has attracted substantial research attention to offload traffic from the infrastructure network [26] - [28] . Some papers only consider D2D caching, or use a temporary BS transmission as a supplement to D2D caching. Golrezaei et al. [29] analyze the D2D caching in distributed caching network and focus on the problem to maximize frequency reuse with the constraints of collaboration distance and interference. Wang et al. [30] focus on the virtual resource allocation to maximize the utility functions which includes the revenue of received data rate, the cost of consumed radio bandwidth and so on. In [29] and [30] , one subchannel can be allocated to only one potential link and the mutual interference between users is not taken into account. Wu et al. [31] focus on resource allocation to improve the system efficiency in terms of jointly considered spectrum efficiency and energy efficiency. However, when the required content is not available, user will be served by the BS through allocating dedicated spectrum, which greatly reduces the spectrum utilization.
Unlike the previously mentioned works, some papers [32] , [33] adopt the integrated architecture of BS caching and D2D caching, where users may obtain the requested videos from distributed cache videos through D2D transmission, and/or from centralized cache videos through communication links to BS server. Zhang et al. [32] propose a joint D2D link scheduling and power allocation algorithm to maximize the system throughput. However, it only considers the mutual interference among different D2D links. In our work, we also give consideration to the interference between the BS server and D2D devices. Furthermore, we consider the joint link selection, channel allocation and power management in our work. In [33] , Changyan Yi et al. formulate a welfare maximization problem integrating benefits from content sharing, total power costs of all UEs and the BS, and penalties for potential service dissatisfactions and propose a joint resource management method. But only one transmission link is permitted in [33] . Our paper is concerned with the joint scheduling of BS caching content and D2D cache content. A hybrid caching transmission scheme and a joint caching transmission scheme are proposed. When users connect to the BS server for requested video, they can decide whether to connect the D2D caching device, which means that users can connect to both MEC server and D2D caching devices at the same time.
B. MAIN CONTRIBUTIONS
In our paper, two resource allocation algorithms with the integrated mechanism of BS caching and D2D caching in D2D-assisted cellular caching networks are proposed. The major contributions of this paper are listed as follows:
1) A collaboration architecture of centralized caching content and distributed caching content is proposed in D2D-assisted cellular caching networks. According to the different cooperation schemes, it can be divided into two schemes: hybrid caching transmission scheme and joint caching transmission scheme. 2) By considering transmission rate constraint, interference level constraint, two EE maximization problems are formulated. Hybrid caching transmission algorithm and joint caching transmission algorithm with heterogeneous video caching are proposed. Dinkelbach method is utilized to transform the fractional optimization problems into mixed-integer nonlinear programming problems. The resource allocation problems are solved by using the modified branch and bound method, variable substitution and Lagrange approach. 3) Numerical results indicate that the proposed resource allocation algorithms significantly improve the performances of system throughput and EE compared with other algorithms. Besides, the selections of the Dinkelbach method, and the modified branch and bound method in our optimization solution are justified. The relationships among transmission power, video transmission ratio factor and transmission rate is also investigated.
The remainder of this paper is organized as follows. In Section II, the system model and problem formulation are described. The specific hybrid caching transmission algorithm is proposed in Section III. The joint caching transmission algorithm is proposed in Section IV. Simulation results are demonstrated in Section V. Section VI concludes the paper.
II. SYSTEM MODEL AND PROBLEM FORMULATION
In this section, we will first introduce the system model for hybrid caching transmission scheme and joint caching transmission scheme, and then present the channel model and cache transmission model. Problem formulation is proposed in the last. For convenience, Table 1 lists some important notations used in this paper. 
A. SYSTEM MODEL
We consider the downlink video transmission system where D2D caching is implemented as an underlay of cellular network with mobile edge caching. There is a MEC server located in the cellular base station. We assume that the MEC server stores all the videos requested by users to provide the low-latency video service. Meanwhile, user devices cache part of videos, which can be transmitted to the users who request it. Users in the system are divided into two groups, namely, the requesters which requests the cached video, and the helpers providing cached video. MEC server can obtain cache information and request information of all users, so as to control the cache video transmission and resource allocation of the whole system. In this paper, we mainly consider the phases of caching transmission and resource allocation. Suppose users can get the required content through BS caching or/and D2D caching, otherwise it will be converted to the traditional video requesting scenario. In the D2D caching transmission, users may be served by multiple helpers, and the helper which can provide the highest transmission rate will be selected as the transmitter of D2D caching.
According to the different video transmission modes, it can be divided into two schemes: hybrid caching transmission scheme and joint caching transmission scheme. In hybrid caching transmission scheme, users can obtain the required videos through the cellular base station or helpers. Choosing the cellular base station or a helper depends on which transmission link the user prefers. In joint caching transmission scheme, the requested videos can be transmitted to users through the transmission links of the cellular base station and helpers.
We define u i as the requester which can be served by the base station or/and helpers. v j is defined as the corresponding helper providing cached video. I is the set of requesters where I is the number of requesters. And J is the set of helpers where J is the number of helpers. The total number of subchannels is M , which could be shared by all users for channel allocation. Assuming that all the subchannels are block fading, and channel gains are independent identically distributed, that is, there is no correlation at subchannel gains in different time slot [34] . 
When the user selects the D2D link to transmit the cached video, the SINR γ m i,j of u i on the subchannel m is as follows:
where
is the interference of the requester u i which is composed of the co-channel interference from the base station and the interference from other helpers occupying the same subchannel. Then, the SINR of the subchannel m used by the helper v j with unit power is
The channel allocation factor c m i,0 can either be 1 or 0 indicating whether the requestor u i and the base station are connected through the subchannel m or not. c m i,j is used to indicate whether the requestor u i and the helper v j are connected through the subchannel m.
When the requester u i and the base station are connected, the transmission rate of the video on the subchannel m is For simplicity, we use f (x) to denote the logarithmic function log 2 (1 + x) with respect to x. Then, the transmission rate of u i is converted to 
C. CACHE TRANSMISSION MODEL It is assumed that there are V cached videos in the system, and the size of each cached video is
The MEC server at the base station has all the videos, whose popularity probability follows Zipf distribution [36] , i.e.,
where η is the file index, and β is the file request coefficient and controls the popularity distribution of files [32] . Each user randomly and independently caches one out of V files in its memory, according to the Zipf-distribution. If these caches contain the video that the requester needs, these users can provide cached video services as helpers. The video list of helpers is
The caching request factor is a v i , indicating the requestor u i request for caching video v. For the sake of simplicity, it is assumed that the requester u i can request only one of the cached videos in each time. Meanwhile, the user device can connect a base station and a helper device at most, for caching content transmission.
In the hybrid caching transmission scheme, l d,i is defined to indicate whether the requester u i is connected to other D2D users and l b,i is defined to indicate whether the requester u i is connected to the base station. And there is a constraint that
In a certain time slot, the transmission video rate of the requestor u i is as follows:
where C H D and C H B are the cached video rates when the requestor u i is connected to other users and the base station in the hybrid caching transmission scheme.
In the joint caching transmission scheme, there is no constraint between In a certain time slot, the transmission video rate of the requestor u i is
where C J D and C J B are the cached video rates when the requestor u i is connected to helpers and the base station in the joint caching transmission scheme.
D. PROBLEM FORMULATION 1) HYBRID CACHING TRANSMISSION ALGORITHM
As mentioned before, the MEC server at the base station caches all the videos. At the beginning, the MEC server collects link information and caching information to allocate subchannel and power resource for D2D transmission and base station transmission.
This paper contains two kinds of video transmission algorithms. Under the constraints of limited power and channel resource, it is necessary to effectively accomplish the video transmission and maximize the resource utilization, that is, the energy efficiency.
In the hybrid caching transmission scheme, the throughput of the entire network system is defined as
The total power consumption is expressed as follows:
The EE of the whole system can be expressed as
For the requester u i , the transmission throughput should be greater than the transmission speed of the video v. (14) where r
is the transmission speed of the video v and T ave is the average transmission time.
The interference level constraint of the requester u i can be written as 
where I i,th is the interference threshold of the requester u i . At the same time, the channel allocation factor and power should meet the following constraints.
where P D max represents the maximum transmission power of helpers and P B max represents the maximum transmission power of the base station. 
And the user access factor l d,i has to satisfy the conditions that
where (19) denotes that there is only one transmission link which is assigned one subchannel for any requster u i . The optimization problem of the hybrid caching transmission algorithm is to maximize the system EE via joint link selection, subchannel allocation and power control, which can be summarized in (20) , as shown at the top of this page, where L is the link selection set, C is the channel allocation set and P is the power allocation set.
2) JOINT CACHING TRANSMISSION ALGORITHM
In the joint caching transmission scheme, the cached video requested by users is transmitted through helpers and the base station simultaneously. Besides the constraints of subchannel and power resource, it is also necessary to consider the date rate constraints. The throughput of the entire network system is defined as
The total power consumption is expressed as follows: 
The system EE is given by
For the requester u i , the throughput rate transmitted through the base station and the throughput rate transmitted through the helper v j should meet the following constraints that
The optimization problem of the joint caching transmission algorithm can be formulated as 
III. HYBRID CACHING TRANSMISSION ALGORITHM
This research investigates the optimization problem of the hybrid caching transmission scheme by studying the system EE maximization problem as P1 shows.
A. REFORMULATION OF PROBLEM P1
This is a mixed integer fractional programming problem [37] since both binary variables and real variables are involved, which is a NP-hard problem. To obtain the joint optimal link scheduling, channel allocation and power control solution, the complexity of the exhaustive search is quite high. Alternatively, we seek to obtain a suboptimal solution of P1 with reasonable complexity. This nonconvex mixedinteger nonlinear programming problem can be decomposed into three subproblems of link selection, channel allocation and power control respectively. To solve this problem, a nonnegative parameter λ is introduced, and P1 is converted to the following formula.
According to the following Theorem 1 [38] , the transformed formula (27) is the equivalent non-fractional form for the fractional programming problem P1.
Theorem 1: Suppose G is the feasible solution set due to C1-C6, there exists maximum energy efficiency λ * such that
if and only if
where (L * , C * , P * ) reflects the optimal link selection, channel allocation and power control solution. The proof of the theorem can be obtained similar to the proof given in [39] . According to Dinkelbach method in Algorithm 1, we can obtain the value of F (λ) with an initial λ by solving the problem P2 in a finite number of iterations.
B. OPTIMIZATION OF OUTER LAYER
The problem P2 is a mixed integer programming problem which is difficult to solve due to the integer constraints (4) and (5). The general method to solve integer programming problems is time-sharing method. By relaxing integer variables into continuous variables, effective linear/nonlinear optimization methods can be adopted. Because all feasible solutions of the original problem fall into the solution space of the relaxation problem, the optimal solution of the relaxation problem is always the upper bound of the original problem P2 [35] .
It can be seen that the optimization problem P2 consists of two layers. The outer layer is the selection process Step 2 Iteration: 7: while k < I Dink and λ (k) − λ (k − 1) > ε Dink 8: Solve problem (29) for optimal link selection, channel allocation and power allocation.
of the video transmission mode, which involves the 0-1 integer optimization problem. The inner layer can be further divided into two independent sub-problems. The first sub-problem is channel allocation and the other is power control.
In the process of solving the outer layer, the branch and bound method is used to solve the 0-1 integer optimization problem. 
Consider l * D,i and F * (L, C, P, λ) as the optimal solution to P3 and the optimal value of the objective function of P3, respectively. If each element of l * D,i is an integer, then the problem P3 obtains the optimal solution. Otherwise, the branching strategy is applied to P3, and each optimization problem is branched into two sub-problems. Similar to [40] The maximum partial derivative of the objective function of P3 with respect to l d,i is used as the branching variable, which leads to faster convergence and less operation. Along with l D,i , P3 is decomposed into two sub-problems, VOLUME 7, 2019 P3-1 and P3-2. 
The branch and bound process will be repeated until the relaxed sub-problem satisfies all integer constraints and obtains the maximum value of the objective function. Then, the optimization problem P3 can be converted to P4 : F (C, P, λ) = max 
where S is the set of new variable s. Proposition: The problems P4 and P5 are equivalent problems and the problem P5 is a convex problem. 
According to convex optimization theory [41] , a convex optimization problem is to maximize a convex objective function or to minimize a concave objective function on a convex set, so we only need to prove that the constraint condition and objective function of P5 satisfy these conditions. Because the constraints C2, C3, C5 , and C6 are linear, their feasible sets are convex sets. It is only necessary to prove that the objective function and the constraint condition C1 are convex functions.
First, we should prove the continuity of the function g (t, x) = x log The convex problem P5 satisfies Slaters condition. Therefore, the solution to the original problem can be obtained by solving the dual problem [38] . The optimization problem P5 can be solved by the Lagrange algorithm. With the Lagrange multipliers of µ 1 , ν 1 , ς 1 , ϕ m 1 and φ m 1 , P5 can be transformed into
P6
: min
The problem P6 can be solved by the iteration of a master problem and multiple subproblems. The subproblem is as follows:
And the expression of 
Substituting these optimal values of s m i,0 and
.
And we can also get these optimal channel allocation values as follows:
The master problem is to solve the Lagrange multipliers. A gradient descent method is adopted to update the Lagrange multipliers, and the expressions of µ 1 and ν 1 are shown at the bottom of the next page. And the procedure of the proposed hybrid caching transmission algorithm is illustrated in Algorithm 2. Initialize the problem list with the root problem P3 9: and set its lower bound as LB (F (L)) = 0; 10: While the problem list is not empty Do Select 11: the problem from the problem list that has the largest 12: upper bound by applying bounding strategy. Obtain 13: its optimal mode selection solution l d,i and upper 14: bound UB F l d,i ; 15: 16: discard the problem. Else if all elements in l D,i are 17: integers and
the problem. Otherwise, branch the problem into two 20: new subproblems along the determinate split index 21: and add these new sub-problems to the problem list;
22:
End while
23:
Repeat 24: Compute p m * i,j and p m * i,0 according to (36) , (40) 25:
and (41). according to (42) , (43), (44) and (45). 29: Update µ 1 , ν 1 , ς 1 , ϕ m 1 and φ m 1 and t = t + 1.
30:
until Lagrangian multipliers convergence 31 :
33: The base station with a MEC server stores the popular videos to improve transmission efficiency. The MEC server could obtain the caching information and request information of users. Based on the above information, the server completes the specific resource allocation to achieve cached videos transmission.
By using the modified branch and bound method, the result of link selection can be determined. Then, the Lagrange dual algorithm is used to obtain the optimal solutions of subchannel and power allocation. After a certain number of iterations, the hybrid caching transmission algorithm obtains the final results of link selection, channel allocation and power control.
The proposed hybrid caching transmission algorithm based on the Dinkelbach Method, the modified branch and bound method and the Lagrange dual decomposition approach solve three subproblems, i.e., problem P1, P3 and P5. In the worst case, the computational complexity of the modified branch and bound method is O(2MIJ ) [40] . The computational complexity of the Algorithm 2 is O(2I Dink I La M 2 I 2 J 2 ), where I Dink and I La are the numbers of iterations required for convergence of Dinkelbach method and dual decomposition technique, respectively.
IV. JOINT CACHING TRANSMISSION ALGORITHM
Consider the joint transmission of BS caching and D2D caching. The optimization problem of the joint caching transmission algorithm is formulated as equation (25) .
Similar to the hybrid video transmission algorithm, the optimization problem can be converted to P7 by using Dinkelbach algorithm, variable relaxation and variable substitution.
The constraints C9, C10 and C11 are linear, so their feasible domain is a convex set. And the constraints C7 and C8 are convex functions. The objective function of P7 is a weighted sum of a series of convex functions and linear functions, so it is a convex function. It has been proved that the feasible domain of the problem P7 is a convex set and the objective function is a convex function, so the problem P7 is a convex problem.
By using the Lagrange algorithm, P7 can be transformed into
Similarly, the problem P8 can be solved by the iteration of a master problem and multiple subproblems. The subproblem is as follows: 
By substituting (54) and (55) into (53), we can get the solution of channel allocation. The optimal channel allocation index can be determined as follows: 
The expressions of Lagrange multipliers are given as follows:
where i is the iteration index, δ µ 2 , δ ν 2 , δ ς 2 , δ ϕ m 
V. PERFORMANCE EVALUATION A. PARAMETERS
In order to illustrate the performances of the proposed hybrid caching transmission algorithm (HCTA) and joint caching transmission algorithm (JCTA) in solving resource allocation problem based on heterogeneous video caching in D2D-assisted wireless caching networks, numerical simulations are conducted. There is a cellular base station deployed at the center of simulation region, where users are randomly distributed around the base station. Other simulation parameters are shown in Table 2 .
B. SIMULATION RESULTS
The proposed algorithms are compared with the base station cache transmission algorithm (BCTA), D2D cache transmission algorithm (DCTA), the joint D2D link scheduling and power allocation algorithm (JDLS) in [32] and the basis transformation method (TBTM) in [33] . In BCTA and DCTA, the resource allocation problems with the objectives of maximizing the system EE are based on BS caching and D2D caching respectively. Note that the system model and the while W == 1 and t < I La do; 10: Compute p m * i,j and p m * i,0 according to (36) , (54) 11:
and (55). according to (56), (57), (58) and (58). 15: Update µ 2 , ν 2 , ς 2 , ϕ m 2 and φ m 2 .
16:
if Lagrangian multipliers convergence then 17 :
18:
end if 20: end while 21 :
. 23 : considered conditions in [32] and [33] are different from those in our paper, so the compared algorithms have been modified to adapt to our system settings.
In this subsection, we present numerical results for these algorithms in system throughput and EE. The proposed HCTA algorithm is compared with the randomlink-allocation hybrid caching transmission algorithm (no-BnB HCTA) and the hybrid transmission algorithm without Dinkelbach method (no-Dinkelbach HCTA) to justify the selections of the Dinkelbach method, and the modified branch and bound method. The relationship between video transmission ratio factor and transmission rate also is investigated. Note that the ratio factor of cached video β d is 0.3 when we compare the performance of these six algorithms.
In Fig. 2 , it is obvious that the system throughput of the JCTA algorithm is larger than that of other algorithms. The requesters can obtain cached video simultaneously from helpers and the base station, which can greatly improve the system throughput. The throughputs of the HCTA and the TBTM are higher than the maximum values of the BCTA algorithm and the DCTA algorithm. Due to the hybrid link transmission, the co-channel interference is smaller than those of BCTA algorithm and DCTA algorithm, thus the HCTA and the TBTM can achieve greater performance gain. Influenced by pricing factors, the TBTM algorithm solves a welfare maximization problem. Under the simulation settings, more users in TBTM choose to transmit through D2D caching, so the throughput is smaller than HCTA algorithm. Because the JDLS algorithm does not consider the interference between BS server and D2D devices, which leads to the serious co-channel interference, its throughput is smaller. And the growth rate of system throughput of DCTA algorithm remains basically unchanged, because requesters in this algorithm obtain the cached video from helpers surround it. 3 shows the system EE performance for all six algorithms. We observe that the system EE decreases as the number of users increases. This coincides with the intuition that a larger number of users means a stricter condition on the co-channel interference. In DCTA algorithm, requesters get caching videos from adjacent helpers, which are less affected by the increase of users number, so the EE downtrend is relatively small. Similarly, when the number of users is larger, the HCTA algorithm has a better performance relative to the algorithm BCTA. Similar to our HCTA algorithm, the maximization goal of TBTM algorithm is to maximize the system utility function and more users choose to transmit through D2D caching which leads to the fact that EE is relatively smaller than that of HCTA algorithm. In the JDLS algorithm, the performance of EE is greatly affected because the interference between BS caching and D2D caching is not considered. When the number of users increases, energy efficiency can be improved because the using of D2D caching.
In Fig. 4 and Fig. 5 , it is obvious that the system throughput and EE of the HCTA algorithm are larger than those without Dinkelbach method and branch and bound method. The modified branch and bound method is used to obtain the optimal link selection. Based on randomly link selection, the no-BnB HCTA algorithm can not make full use of wireless resource between the BS caching and D2D caching so that its throughput is smaller compared with the HCTA algorithm. Meanwhile, it is not the optimal link selection, which may increase the total consumed power. In the noDinkelbach HCTA algorithm, because power is not the final convergence result, it consumes more power than that of the no-BnB HCTA algorithm. With the number of users increases, the interference becomes more serious than that of the no-BnB HCTA algorithm. Fig. 6 illustrate the system throughput and the system EE of JCTA algorithm with different β d . To make the comparison fair, the overall transmission power and other parameters are set as the same. Specifically, the maximum transmit power of base station is P B max = 30dBm and the maximum transmit power of D2D helper is P D max = 10dBm. It can be seen from Fig. 5 and Fig. 6 that the system throughput and system EE with smaller β d is much higher than that with larger β d . When β d is smaller, a larger proportion of cached video can be transmitted through the base station and then the system throughput and EE performance with smaller β d is better than the larger one. As β d continues to decrease, the performances of throughput and EE will drop sharply. When β d is 0, the joint transmission scheme is transformed into the BCTA algorithm. Through theoretical analysis, the optimal video ratio β d is equaled to the ratio of D2D transmission power and BS transmission power. However, this result is also affected by co-channel interference, so the system performance is not the biggest when the theoretical results are satisfied. The maximum value will occur when the video ratio is close to the transmission power ratio. 
VI. CONCLUSION
Due to the emergence of a large scale of video services and low delay transmission requirement of users, the MEC-enabled network incorporating D2D communication is a good alternative technique to enhance traditional wireless networks. According to the different transmission schemes, we have proposed the hybrid caching transmission algorithm and the joint caching transmission algorithm. By considering transmission rate constraint, interference level constraint, two EE maximization problems have been formulated in this paper. Dinkelbach Method has been utilized to transform the fractional optimization problems into mixed-integer nonlinear programming problems, which can be decomposed into three subproblems: link selection, channel allocation, and power control. The resource allocation problems have been transformed into convex problems by using the modified branch and bound method and variable substitution. Then, two optimization solutions have been developed leveraging on the Lagrange dual decomposition approach. Simulation results have demonstrated the superiority of these proposed algorithms in improving system throughput and EE. Besides, the selections of the Dinkelbach method, and the modified branch and bound method in our optimization solution have been justified. The relationships among transmission power, video transmission ratio factor and transmission rate also have been investigated. These conclusions provide more insight in the network implementation and effective resource allocation in actual network. In future work, we can consider users with high mobile speed. The combination of caching offloading and computing offloading is another potential research direction. RUNCONG SU received the B.S. degree in communications engineering from Beijing Jiaotong University, Beijing, China, in 2016. She is currently pursuing the master's degree in telecommunication and information systems with the State Key Laboratory of Networking and Switching Technology, Beijing University of Posts and Telecommunications. Her research interests are in the areas of MIMO, SWIPT, and physical layer security in future wireless networks. VOLUME 7, 2019 
